Abstract. -Neutralization by carbonate of acidification generated by pyrite (FeS 2 ) oxidation was investigated by both solution (iron and sulfur speciation, pH and Eh) and solid (FT-IR) characterizations. Batch dissolution experiments were carried out in contact with atmospheric oxygen (20 %) -=1.12.10 -2 and 0.1 mol/L solutions. Siderite appears to be the first solid precipitating, transforming into goethite, oxyhydroxy ferric sulfate incorporating sulfite and thiosulfate, and then lepidocrocite. Sulfur chemistry controls the acidification observed. Thiosulfate is the first sulfoxyanion released in solution and its oxidation into sulfite then sulfate seems to be the key of acidification production. Thus, carbonate pH buffer properties seem to be limited and effective for moderated carbonate concentrations.
Abstract. -Neutralization by carbonate of acidification generated by pyrite (FeS 2 ) oxidation was investigated by both solution (iron and sulfur speciation, pH and Eh) and solid (FT-IR) characterizations. Batch dissolution experiments were carried out in contact with atmospheric oxygen (20 %) 2 ) tend to maintain iron in solution (up to 152.2 µmol/L in [NaHCO 3 ]=1 mol/L solution) and to increase pyrite oxidation rate by preventing surface coating. Acidification is thus more intense in diluted and concentrated carbonate medium ([NaHCO 3 -] =10 -3 and 1 mol/L) with respectively ∆pH=5.06 and ∆pH=1.99 at 30 days whereas pH remains buffered in [ ] NaHCO 3 -=1.12.10 -2 and 0.1 mol/L solutions. Siderite appears to be the first solid precipitating, transforming into goethite, oxyhydroxy ferric sulfate incorporating sulfite and thiosulfate, and then lepidocrocite. Sulfur chemistry controls the acidification observed. Thiosulfate is the first sulfoxyanion released in solution and its oxidation into sulfite then sulfate seems to be the key of acidification production. Thus, carbonate pH buffer properties seem to be limited and effective for moderated carbonate concentrations.
Effet des ions carbonate sur la dissolution de la pyrite (FeS 2 )
Mots clés. -Pyrite, Oxydation, Carbonate, Tampon pH, FTIR, Redox
Résumé. -La neutralisation de l'acidité produite lors de l'oxydation de la pyrite (FeS 2 ) par les carbonates a été étudiée par le couplage de l'approche des phases aqueuse (spéciations du fer et du soufre, pH et Eh) et solide (FT-IR 
Oxidation of one mole of pyrite produces two moles of sulfuric acid (Eqn. 1). But the oxidation by oxygen of Fe(II) in Fe(III) can either keep up the pyrite oxidation according to reactions 2 and 3, leading to a self-sustained reaction, or raise the acidification by ferric hydroxide precipitation according to equation (4) 
Literature concerning pyrite oxidation studies by FTIR is very sparse. When data exist [Donato et al., 1993; Evangelou, 1995; Evangelou et al., 1998 ], they are focused on spectral region 900-1 500 cm -1 , only representative of sulfur and carbonate species, and do not take into account absorption bands at 400-900 cm -1 relative to iron species. In this work we examined the carbonate ions pH buffer properties during pyrite oxidation. Both solution (speciation, pH and Eh) and solid characterizations (FT-IR) were used to ensure a complete understanding of the reactional paths.
EXPERIMENTS AND METHODS
Sulfur speciation and analysis were performed by ionic chromatography (Dionex analyzer DX4500 using IonPac
Iron was analyzed by furnace atomic absorption spectrometry (UNICAM 939, λ=248.3 nm). Electrochemical parameters (pH and Eh) were followed after calibration (5 pH buffers and 1 Eh buffer) with a glass pH electrode (Radiometer #XG250) and a Pt electrode (Radiometer #XR110), each one being coupled with a calomel reference electrode (Radiometer #REF451) connected to an ionometer (Radiometer #PHM250). Solid characterization was carried out with FT-IR spectroscopy. 1 mg of sample powder (standard samples and oxidized pyrites) was mixed with 100 mg of KBr (FTIR grade, Aldrich) dried at 40 o C. FTIR spectra (spectral region : 400-4 000 cm -1 ) were obtained with a Brüker Vector 22 spectrophotometer. Four hundred scans with a resolution of 4 cm -1 were collected. Identification of different absorption bands on oxidized pyrite surfaces, was obtained after constitution of a FTIR data basis from sulfur and iron reference compounds of representative oxidation products susceptible to be observed. Hence, three spectral domains of interest are exploited in this study : iron environment (oxides, hydroxides and oxyhydroxides) at 400-900 cm -1 whereas information concerning sulfur species is at 1 000-1 200 cm -1 (except for the pyrite S-S vibration located at 415 cm ions respectively at 632 and 671 cm -1 . Carbonate
(1 300-1 500 cm -1 ) and OH stretching (2 500-4 000 cm -1 ) define the other two spectral regions.
Pyrite from Spain (Logroño) was used in this study. Cubic samples were first dipped into concentrated hydrochloric acid (37 %) during several hours to eliminate any oxidation products present at the mineral surface. The pyrite was then introduced in a glove box (p(H 2O) and p(O2) both inferior to 1 vpm) and rinsed with acetone. The mineral was ground in an agate mortar and sifted with ethanol (grain sizes in the 50-150 µm fraction). Pyrite was then washed in ultra-sonic bath to remove any fine particles adhering to the grains surface. These two operations were repeated until the ethanol after ultrasonic-bath was clear. Samples were kept in a glove box for drying until experiments.
Experiments were run as batch experiments in Teflon  reactors in contact with atmospheric oxygen (20 %) at room temperature (typically between 20 and 25 o C). Agitation by an orbital shaker guaranteed continuous homogeneity of the solution. The water to solid ratio was of 150 mL.g -1 . Time course began with pyrite introduction in the solution. Dissolution experiments were carried out in four different bicarbonated solutions [NaHCO 3 ] = 10 -3 , 1,12.10 -2 (chosen to represent a clayey groundwater), 10 -1 and 1 mol/L (Merck #6329). Five different contact durations were selected : 6 hours, 1, 3, 8 and 30 days allowing us to follow and identify the formation sequence of different oxidation products . The final samples were kept in glove box before FT-IR analysis. Solution samples were filtered and immediately analyzed for sulfur and stored in glove box for iron. Thiosulfate can represent up to 85 % of dissolved sulfur ( fig. 1 ). If we consider total sulfur concentration as the pyrite oxidation apparent rate, the more carbonated is the solution, the more dissolved is pyrite ( fig. 2 fig. 4A and B ). An acidification is observed whatever carbonate concentration in the first stages of dissolution. pH decrease was observed in the diluted medium ([NaHCO 3 ] = 10 -3 mol/L) and in alkaline solution ([NaHCO 3]=1 mol/L). The acidification is effective since the pH decreases dramatically (∆pH=1.99 and 5.06 in [NaHCO3] = 1 and 10 -3 mol/L respectively). Eh remains rather constant close to 320 mV with a slight decrease. The only increase is observed for the diluted medium ([NaHCO 3 ] = 10 -3 mol/L) with 200 mV up to 630.8 mV correlated to higher iron concentration and indicating an oxidation of ferrous ions into ferric ions.
RESULTS

Speciation and solution
FT-IR observations
FT-IR spectra are very rich whatever the carbonate concentration, with the exception of 10 -3 mol/L and in a less extent 1.12.10 -2 mol/L. We only present spectra for 1 and 0.1 mol/L ( fig. 5A and 5B).
Sulfates, observed in all spectra, are associated with ferrous (606 cm [Evangelou, 1995] . Carbon is able to form also S-C-S groups near 1 019 cm -1 [Laajalheto et al., 1999 ; Cases et al., 1989] . Nevertheless, it is very difficult to distinguish in a definitive way this vibration band since the spectral region is very rich in interferences.
DISCUSSION
Acidification during pyrite dissolution is more effective in diluted and concentrated carbonate media ([NaHCO 3 ]=10 -3 and 1 mol/L). This result is accompanied by an apparent rise of dissolution rate (sulfur concentration) with carbonate concentration. One might suggest that alkaline pH tend to inhibit pyrite dissolution by blocking access of the oxidizing agent (O 2 ) to pyrite surfaces by coating and precipitating iron oxyhydroxides and carbonates [Nicholson et al., 1988 and 1990] . This case occurs when moderately carbonated concentrated conditions are encountered. In diluted environments ([NaHCO 3 ]=10 -3 mol/L), carbonate is totally consumed by acidic pyrite dissolution. In these conditions, the carbonate system is not a pH buffer, and iron concentration reaches 39.4 µmol/L as pH goes down to pH=3.23. At higher concentrations ([NaHCO 3 ]=1.12.10 -2 and 0.1 mol/L), pH remains constant whereas dissolution still goes on. In more concentrated medium ([NaHCO 3 ]=1 mol/L), pH remains buffered in the first stages, but from 3 to 30 days, acidification is observed (∆pH=2). This acidification is illustrated by a high dissolution rate and iron enrichment by a factor 10 4 compared with [NaHCO3]=1.12.10 mol/L medium. Ferrous iron carbonate complexes (FeOHCO3 -and Fe(CO 3 ) 2 2-) are involved to explain such concentration and dissolution rates. Figure 6 illustrates (HCO 3  -) ), plotted using the thermodynamic data taken from Descostes [2001] . Experimental conditions are converted to activities (white points) by using the SIT formula [Vitorge, 1995; Lemire et al., 2001] 
